The major driver of water-level changes in many heavily stressed aquifers is irrigation pumping, which is primarily a function of meteorological conditions (precipitation and potential evapotranspiration). Correlations among climatic indices, water-level changes, and pumping can thus often be used to assess the impact of climatic and anthropogenic stresses. The power of this simple, first-order approach, which captures the primary excitation-response relationships driving aquifer behavior, is demonstrated for the High Plains aquifer in the central United States (Kansas). Regional correlations between water-level changes and climatic indices indicate that a repeat of the most severe drought on record would more than double water-level decline rates. More importantly, correlations between water-level changes and reported pumping reveal that practically feasible pumping reductions should stabilize water levels, at least temporarily, over much of the aquifer in Kansas. This example illustrates that when uncertainty obscures process-based modeling projections, simple approaches such as described here can often provide insights of great practical value.
Introduction
The question of what the future holds for heavily stressed aquifers is of great societal interest. This is particularly true in areas that are prone to or have recently experienced severe droughts, such as the Great Plains region of the United States (US). Changes in water levels have long served as a measure of an aquifer's response to anthropogenic and climatic stresses. Records of past changes, however, just tell us where we have been; the more critical issue is where we are going. Approaches for forecasting water-level changes have ranged from extrapolation of past trends (e.g., Fig. 7 in Buchanan et al. 2015) to process-based modeling (e.g., Anderson and Woessner 1991) . Intermediate between these two end members are data-based methods of varying degrees of complexity that are focused on exploiting relationships between water-level changes and potential drivers of those changes (e.g., Chen et al. 2002 , Gurdak et al. 2007 , Adamowski and Chan 2011 , Sahoo and Jha 2013 . A subset of these intermediate methods is based on correlations between water-level changes and possible causative factors (e.g., Chen et al. 2004) . If these relatively simple correlation-based approaches can explain most of the observed changes, they can serve as valuable tools for rapid, first-order assessment of an aquifer's response to various pumping and climatic scenarios. One such approach is discussed here and applied to a portion of one of the world's largest aquifer systems, the High Plains aquifer (HPA) of the central US.
The HPA extends over portions of eight states in the Great Plains region of the US (Fig. 1 ) and provides irrigation and, to a much lesser extent, drinking, stock, and industrial water supplies that account for nearly one-quarter of the nation's annual groundwater use (Maupin and Barber 2005) . Much of the aquifer system, however, appears to be on a fundamentally unsustainable path. Large pumping-induced declines (Stanton et al. 2011) , which have been the focus of recent articles in the popular media (e.g., Wines 2013) , indicate that current rates of withdrawals cannot be sustained; the projected trajectory of climate change further exacerbates the situation (e.g., Rosenberg et al. 1999 , 2003 , Brunsell et al. 2010 , Logan et al. 2010 .
The main driver of water-level changes in the HPA is the amount of water pumped for irrigation (making up approximately 95% of total pumped in 2005 [Kenny et al. 2009]) . Irrigation is primarily needed to supplement precipitation for fall-harvested row crops, so pumpage is concentrated in the summer growing season. The volume of irrigation pumpage is determined by the number of wells and the amount pumped per well. For a given hydrostratigraphic configuration, the primary controls on the per-well amount include the area irrigated, meteorological conditions (i.e. precipitation and potential evapotranspiration), crop type, and regulatory (water-right) allocation. If the number of wells, irrigated area, crop mix, and water-right allocation remain relatively constant, then the main factor controlling pumping is the meteorological conditions for a given year.
Climatic indices provide a good measure of meteorological conditions, especially how precipitation deviates from historic norms. Commonly used indices include the Palmer Drought Severity Index (PDSI), the Palmer Z Index, and the Standardized Precipitation Index (SPI). The PDSI is a monthly index calculated using precipitation, soil moisture, potential evapotranspiration, and other factors important to plant growth (Palmer 1965) . The Palmer Z Index is a similar monthly index developed to evaluate short-term moisture conditions in crop-producing areas; the PDSI, in comparison, was developed to monitor longer-term wet and dry spells (Heim 2002) . The SPI was created to quantify precipitation deficits and surpluses (normalized by long-term records) over time intervals of practical relevance for water resources (McKee et al. 1993) . Although there are a number of other climatic indices, such Figure 1 . Map of the High Plains aquifer in the US and Kansas (inset). Kansas inset also shows groundwater management district (GMD -colored lines) and climatic division (dashed) boundaries (modified from Butler et al. 2013). as the recently proposed Standardized Precipitation Evapotranspiration Index (Vicente-Serrano et al. 2010) , these have not been as widely used as the Palmer indices and SPI. Monthly values of PDSI, Palmer Z Index, and SPI (for various intervals) are available online for climatic divisions of US states (National Climatic Data Center 2014).
The major objective of this paper is to demonstrate how relationships among climatic indices, water-level changes, and reported water use can be simply and quickly exploited to develop new insights into the future of heavily stressed aquifers. The focus is on the relatively data-rich portion of the HPA in the state of Kansas, but the general procedure should be widely applicable. This approach is not envisioned as a replacement for process-based modeling. However, in cases where uncertainty produced by limited data and incomplete mechanistic descriptions may obscure process-based modeling projections, simple approaches such as that described here, which capture the primary excitation-response relationships driving largescale system behavior, can be of great practical value.
The High Plains aquifer in Kansas
The HPA extends over the western third and the southcentral parts of the state of Kansas (Fig. 1) and is overlain by five groundwater management districts (GMDs). The areas of the three western districts (from north to south, GMDs 4, 1, and 3) coincide well with the western three (1, 4, and 7, respectively) of the state's nine climatic divisions; the areas of GMDs 2 and 5 (henceforth, GMDs 2&5) in south-central Kansas are predominately located within climatic division 8 and will be considered together for the purposes of this work (Fig. 1) . A climatic division is an area of relatively uniform climatic characteristics for which climatic data are reported monthly by the National Climatic Data Center (NCDC 2014) ; the divisions were created in 1950 and correspond to the Crop Reporting Districts of the United States Department of Agriculture. The three western Kansas climatic divisions are characterized by semiarid conditions, while the south-central Kansas climatic division is characterized by a more sub-humid climate.
Groundwater levels in the Kansas HPA have been measured annually in an extensive well network for several decades. The network currently consists of about 1400 wells distributed approximately evenly over the aquifer (Miller et al. 1999, Bohling and Wilson 2012) . The measurements are made during the winter when irrigation wells are typically not operating. In the mid-1990s, the Kansas Geological Survey took over primary responsibility for managing the measurement program; the data collected since that time (1996) are utilized here.
Data from the Kansas well network can be used to calculate spatial averages of the annual changes in water level for each of the GMD regions for 1996-2012 (where the value for a particular year represents the average difference between the winter water-level measurements in that year and the following year). The patterns of the annual changes for the western three GMDs are relatively similar, showing declines in most years ( Fig. 2(a) ). The infrequent small annual rises primarily represent greater aquifer recovery at the time of the winter water-level measurement (result of less water use and/or earlier cessation of pumping in the previous irrigation season) rather than recharge of same-year precipitation (depth to the water table in these areas is substantial and the estimated mean annual recharge is small, <1-2 cm under natural [non-irrigated] conditions, due to relatively low mean annual precipitation [40-58 cm] and high evapotranspiration [Fross et al. 2012] ). The much more frequent and substantial annual rises in water levels in south-central Kansas (GMDs 2&5) do mainly reflect recharge of sameyear precipitation because the mean annual precipitation is greater (58-84 cm) and the average depth to water is much less. The patterns of annual changes observed in the 1996-2012 data are also observed in long-term hydrographs from wells in the GMDs. The HPA in the three western GMDs has been so heavily stressed by pumping since the 1950s that the vast majority of hydrographs show substantial declines over the last half century, indicating that the aquifer is being mined. Declines are appreciably less in GMDs 2&5; the hydrographs fluctuate substantially from year to year but with a much smaller long-term trend than farther west, reflecting pumping activity as well as aquifer recharge and stream-aquifer interactions.
Development of the Kansas HPA and expansion of irrigated cropland was substantial during the middle part of the 20th century. However, since the mid-1990s, the irrigated area and crop types in Kansas have not changed appreciably (Rogers and Lamm 2012) and the number of water-right permitted irrigation wells has increased only slightly (~6%). In addition, Hendricks and Peterson (2012) found that irrigation pumping in Kansas for 1992-2007 varied little in response to fluctuations in energy prices. Thus, the main driver for waterlevel changes in the Kansas HPA during this period was the pumping induced by meteorological conditions.
Correlation of water-level change with climatic indices and water use

Climatic indices
Temporal variations in mean annual water-level changes parallel the temporal variations in climatic indices for the GMD areas (e.g., Fig. 2(a) ). This implies a high degree of correlation between the water-level changes and the climatic indices, which is confirmed by linear-regression analyses (Fig. 2(b) , Table 1 ). Although irrigation pumping is expected to be tied most closely to conditions during the growing season (typically May through early September), some of the best correlations were obtained for a range of months exceeding the growing season for the PDSI and Palmer Z Index, and for 9-month and 12-month SPI values (Table 1) . This is thought to be partly related to preplanting irrigation to increase soil moisture and, where the water table is shallow, recharge of same-year precipitation and stream-aquifer interactions. Although the Palmer indices, which incorporate precipitation and temperature, and involve calculations of evapotranspiration (ET) and soil moisture, give high correlations with water-level changes, the SPI gives correlations nearly as high as or higher than those for the Palmer indices (Table 1) . This indicates that precipitation variations are the main climatic driver of waterlevel change across the Kansas HPA. However, the mechanisms that produce the high correlation with precipitation vary across the Kansas HPA. In the western Kansas GMDs, except for during and shortly after a precipitation event, pumping of groundwater is essentially continuous throughout the irrigation season (e.g., Figs 2 and 3 of Butler et al. 2013 ). Thus, precipitation controls when the pumps are operating, and therefore is an indirect control on water levels. In the south-central Kansas GMDs, this mechanism is supplemented by recharge of recent precipitation; in those areas, Fig. 1 for the locations of the climatic divisions and GMDs. The y-axis ranges vary among plots to accentuate the relationship between fluctuations in water-level change (left y-axis) and those in the SPI (right y-axis). Water-level data are from wells for which measurements are available throughout 1996-2013 (188, 60, 222 , and 233 wells for GMDs 4, 1, 3, and 2&5, respectively). A value for a particular year represents the water-level difference between that year and the following year for a given well; the mean annual change is an unweighted arithmetic average of the values for all the wells. A SPI value of zero indicates average (historic norm) conditions, values <0 and >0 indicate dry and wet conditions, respectively. (b) Correlation plots for data displayed in (a). See Table 1 for coefficients of determination and regression equations. The point within the circle in (b) is the outlier referred to in the text.
precipitation has both a direct and indirect control on water levels. More efficient use of water (irrigation done only during critical periods of high ET demand) would likely improve the correlations involving the Palmer indices in all the GMDs.
The focus of this paper is on the correlation with the SPI, not just because it is the simplest of the common climatic indices, but it is also the only climatic index that gives coefficient of determination (R 2 ) values greater than 0.7 for all of the GMD areas of the Kansas HPA. The period of the SPI index that produces the optimum correlation with annual water-level changes differs slightly among the three western GMDs. In order to facilitate comparisons, the SPI, 9-month, October index is used here for the three western GMDs. The slight decreases in the correlations for GMDs 4 and 3 (Table 1 ) resulting from use of this form of the SPI are not of practical importance. A different index (SPI, 12-month, December) is used for the GMDs 2&5 area, which is characterized by greater precipitation and recharge of same-year precipitation.
The correlations between the SPI and the annual water-level changes are high for all of the GMD areas, (coefficient of determination) values are significant at P = 0.001 except that for GMD1 water-level change vs PDSI division 4, which is significant at P = 0.01. c Index based on 9-month period ending with October. d Index based on 12-month period ending with December. but the correlation is somewhat weaker for GMD1 (Table 1 ). The likely explanation for this lower correlation, which undoubtedly explains a considerable portion of the spread observed in all the correlation plots ( Fig. 2(b) ), is the distribution of rainfall within the period covered by the SPI. For example, if the circled outlier point in Fig. 2(b) (water-level change of +0.19 m and an SPI of 0.86) is removed from the GMD1 data, the R 2 for the correlation increases from 0.71 to 0.80. Precipitation in GMD1 for that year (1997) was higher than the 1996-2012 average for the three months when irrigation water demand by crops is generally the highest (June-August). Thus, pumping was likely considerably less than expected for the typical irrigation season and concentrated much earlier in the season, leading to a year-on-year increase in winter water levels. Also, the distribution of the rainfall was such that the SPI value was not as high as it would have been if the precipitation had been more evenly distributed throughout the 9-month period.
Water use
Since 1978, Kansas has required non-domestic water users to obtain a water right. Starting in the early 1980s, water-right holders were required to submit annual water-use reports; quality control of the reported data began in 1990. Variations in annual water-level change are generally of opposite sign to those of water use during 1996-2012 ( Fig. 3(a) ), as would be expected. Correlations of annual water-level changes with reported water use during 1996-2012 for GMDs 4 and 2&5 are high, although not quite as high as with the SPI; the correlation for GMD3 is statistically significant but substantially lower than that with the SPI, whereas that for GMD1 is not statistically significant (Fig. 3(b) , Table 2 ). If the circled outlier value (2007 -waterlevel change of +0.86 m and water use of 0.72 × 10 9 m 3 ) is removed from the data for GMDs 2&5, the R 2 improves to 0.88, a remarkably high correlation; that outlier is again a result of the distribution of precipitation during the growing season. The most likely explanation for the weaker correlations between water-level changes and water use for GMDs 1 and 3 is the greater use of less-accurate meters (e.g., duration-of-pumping vs flow-rate meters) in those districts. A second explanation is downward trends in the annual water-level change data that are not consistent with the water-use data. GMD3 has a downward trend in the annual water-level change data but no trend in water-use data. If a linear trend is removed from the water-level change data, the correlation increases from 0.32 to 0.56 (statistically significant at the P = 0.01 level). An explanation for the downward trend is that it is a product of changes in hydrostratigraphic conditions, specifically decreasing specific yield and/or increasing aquifer compartmentalization, as has been reported elsewhere for the western Kansas HPA (Butler et al. 2013) . Such hydrostratigraphic changes with depth are not unexpected in this portion of the HPA as the sedimentary sequence transitions from one dominated by sands and gravels (channel deposits) to one dominated by clays and silts (inter-channel deposits) as discussed by Butler et al. (2013) . An additional possibility for the weaker correlation in GMD3 is that the Arkansas River valley and surface irrigation districts fed by the river provide supplemental irrigation water that is not available in the other districts. GMD1 has downward trends in both water-level change and wateruse data. If linear trends are removed from both data sets, the correlation increases from an R 2 of 0.07 to 0.47 (statistically significant at the P = 0.01 level). The downward trend in the water-level change data could be a product of changing hydrostratigraphic conditions, while the downward trend in the annual pumping could be due to diminishing transmissivity with decreasing saturated thickness (i.e., the drawdown produced by the lower transmissivity limits pumping at individual wells). Neither GMD4 nor GMDS 2&5 have trends in water-level change that are inconsistent with the water-use data.
Variations in SPI are generally of opposite sign of those of water use during 1996-2012 ( Fig. 4(a) ), as would also be expected. Correlations of SPI with reported water use for GMDs 4 and 2&5 are high, although not as high as with annual water-level change; the correlation for GMD3 is statistically significant but substantially lower than that with waterlevel change, whereas that for GMD1 is not statistically significant (Fig. 4(b) ). As for the relationship between water-level change and water use described above, if the water-level change data are detrended, the R 2 values for GMDs 1 and 3 increase. Correlations for GMD4 and GMDs 2&5 are statistically significant at P = 0.001 and for GMD3 at P = 0.02; the correlation is not statistically significant for GMD1.
In general, the water-level data set has the least uncertainty of the three data types considered here because the data set is based on annual measurements taken at the same time of the year at the same location in a regular network across the HPA. The climatic data set is expected to have greater uncertainties because measurement locations are fewer in number and less regularly distributed than the water-level data, and different temporal patterns in precipitation can give similar climatic index values for a particular period. Given the time frame of this assessment, changes in measurement methods for climatic data and in the duration and intensity of rainfall events are not expected to introduce significant uncertainty relative to that produced by the number and distribution of measurement locations and the distribution of precipitation during the period characterized by SPI values. The data set with the greatest uncertainty is reported water use. The relative uncertainties in the three data sets are reflected in the general relative order of correlation strength among the data sets: highest for SPI vs water-level change, followed by water use vs water-level change, and lowest for water use vs SPI.
Prediction of future water-level changes
The strength of the correlations discussed in the previous section indicates that these relationships can be exploited to develop insights into the HPA response to various future scenarios. We demonstrate the value of this approach through an assessment of the predicted response to the cases of extended drought, continuation of average climatic conditions, and reductions in pumping. Given the illustrative nature of this paper, the predicted responses are presented without confidence intervals, i.e. response should be considered the mean response for the defined conditions.
Extended drought
The 1930s and 1950s had the longest and most severe years of recorded drought in Kansas (Paulson et al. 1991) . Although the 1930s drought extended for a longer period than that for the 1950s, the 1950s drought included years (particularly 1956 ) with the most severe drought conditions since record keeping began in 1895. The SPI values for past drought periods can be used in Fig. 1 for the locations of the climatic divisions and GMDs; the y-axis ranges vary among plots to accentuate the relationship between fluctuations in SPI (left y-axis) and those in water use (right y-axis). The SPI data are the same as shown in Fig. 2(a) and the water use data the same as in Fig 3(a) . ( the regression equations of Table 1 to predict annual water-level declines for each of the GMD areas. Applying this procedure to a drought of the same length (5 years) and intensity of the 1950s drought, which occurred prior to widespread irrigation pumping in the Kansas HPA, yields total water-level declines of 2.01, 2.05, 5.06, and 5.07 m for GMDs 4, 1, 3, and 2&5, respectively (Table 3 ). The mean annual declines predicted for a repeat of the 1950s drought range from 1.8 to 2.6 times those observed during 1996-2012 for the three western GMDs, and even greater for GMDs 2&5. A repeat of this extended drought would clearly have an extremely deleterious impact on conditions in the Kansas HPA.
Global climate models project that winter precipitation will increase slightly in western Kansas but spring precipitation will decrease and summer precipitation will decrease even more (Brunsell et al. 2010) . These projections indicate that lower SPI values will be more common in the coming decades and that the frequency of droughts similar to that of the 1950s may increase. The above assessment indicates that such conditions will likely lead to an acceleration of water-level declines across all portions of the HPA in Kansas.
Average climate
The zero value for a climatic index indicates average (historic-since 1895 for Kansas-norm) conditions. The water-level change at the zero value thus provides insight into how pumping is affecting water levels under conditions that would be considered neither wet nor dry for a particular area. The annual water-level changes at the zero SPI value are negative (water-level declines) for all GMDs during 1996-2012: −0.18 m for GMD4, −0.17 m for GMD1, −0.58 m for GMD3, and −0.28 m for GMDs 2&5 (intercept values in regression equations in Table 1 ). The declines for the three western GMDs are not unexpected because the natural recharge to the HPA in these areas is very small relative to the amount of pumping (Fross et al. 2012) , i.e. the aquifer is being mined under average climatic conditions. GMDs 2&5 are attempting to manage their areas on a long-term sustainable basis, so the 0.28 m/year decline is surprising. However, the actual decline rate over 1996-2012 was much less (0.07 m/year) because the climatic conditions for this period were slightly wetter than average (historic norm). The 1996-2012 mean of the SPI index for GMDs 2&5 is 0.47, which is on the wet side of normal. In contrast, the SPI means for climatic divisions 1, 4, and 7 are very close to zero (−0.01, 0.11, and 0.08, respectively) for this same period. This implies that, should the mean of future climatic conditions be closer to an SPI of zero for GMDs 2&5, unexpected water-level declines could occur even during normal meteorological conditions. The annual water-level data ( Fig. 2(a) ) and hydrographs from continuously monitored wells (e.g., Fig. 3 in Butler et al. 2011) are consistent with this projection, as both indicate that GMDs 2&5 are dependent on substantial but infrequent recharge events to sustain water levels. A decrease in the frequency of such events would lead to further declines even without the onset of drought conditions.
Reductions in pumping
Given that water-level declines are expected to continue across the Kansas HPA under average climatic conditions, there is growing interest in reducing pumping to extend the "usable lifetime" of the aquifer. The key question is how much reduction is needed to significantly moderate the declines. A new management framework, the Local Enhanced Management Area (LEMA), was established by the Kansas Legislature in 2012 to allow the adoption of locally generated management plans that are supported by regulatory oversight (Kansas Department of Agriculture 2013). In January 2013, the first LEMA was established in a 256-km 2 area within GMD4; the management plan calls for a reduction in average annual pumping of about 20% over a period of 5 years in the hope that that would produce a significant reduction in the rate of water-level decline.
An obvious question is what percentage reduction would produce a stabilization of water levels across the Table 3 . SPI values for given year and predicted water-level declines calculated using the regression equations in Table 1 for a drought of the same length and intensity of that of the 1950s. entire GMD4 area. If, as in GMD4, reliable water-use (groundwater pumping) data are available, then the water use vs annual water-level change relationship (Table 2) can be utilized to assess this issue. The approach (Table 4 ) yields a pumping reduction of 22%, which is quite close to the target reduction for the first LEMA in Kansas. Thus, it appears that a practically feasible reduction in annual pumping would have kept water levels (in terms of the regional average) at approximately the same level from 1996 to 2012. However, the reduction is much smaller than expected for long-term sustainability. This finding suggests that there is a previously unrecognized inflow to the HPA within GMD4 and is consistent with the recent interpretation of hydrographs from some continuously monitored wells in that area (e.g., Butler et al. 2013) . The source of the inflow and its expected duration are the focus of ongoing investigations; it likely is a short-term phenomenon related to irrigation return flow and delayed drainage from the unsaturated zone created by water-level declines. The pumping reduction required to stabilize water levels for GMDs 2&5 can be calculated in a similar manner. Given that climatic conditions have been slightly wetter than the historic norm in this area for 1996-2012, a pumping reduction of approximately 3% from the average for that period would produce nearstable water levels (Table 4) . However, if climatic conditions had been the historic average for this period, a larger pumping reduction (17%) would be required for stabilization (calculation based on a water-level change of +0.28 m to achieve stable water levels at an SPI value of zero using the approach of Table 4 ).
The poor correlations between water use and annual water-level change preclude the direct application of the regression for assessing reduction impacts for GMDs 1 and 3. However, an approximate approach can be applied to GMD1 by recognizing that a reduction in water use is equivalent (in terms of its impact on water-level changes) to the occurrence of a wetter period (i.e. greater SPI value) and then determining that equivalence using data from GMD4. This approach can be justified by the high degree of similarity between the linear regressions for water-level change vs SPI for GMDs 1 and 4 (Table 1) , which is undoubtedly due to the similarities in irrigated crops and irrigation practices in these two adjacent GMDs. The 22% water-use reduction in GMD4 is equivalent to a SPI change of 1.30 (−0.01 to 1.29, Table 5a ). If the same relationship between percentage pumping reduction and SPI change is assumed, the strong correlation between climatic indices and annual water-level change for GMD1 can be exploited to assess the impact of a pumping reduction for GMD1. Using the same SPI change as in GMD4, an annual water-level increase of 0.04 m is obtained for GMD1 (Table 5b) . Thus, a reduction in annual pumping of about 20% would have likely kept the average of water levels in GMD1 at approximately the same level for the entire period. The dissimilarity between the linear regressions for water-level change vs SPI for GMDs 3 and 4 precludes the application of this approach to GMD3.
The reductions in pumping that would stabilize groundwater levels can be used to estimate mean annual recharge rates to the HPA in GMDs 1 and 4 because groundwater discharge to streams in these areas has been insignificant over the last few decades. Dividing the volume of pumping that would stabilize groundwater levels by the GMD area gives mean recharge rates of 4.7 and 3.3 cm/year for GMDs 1 and 4, respectively, which are three to four times greater than other estimated recharge values for these GMDs (e.g., Fross et al. 2012) . These rates represent the volume of pumping averaged over the entire GMD area. In actuality, the pumping volume is Table 4 . Steps for calculating pumping reduction to obtain stable water levels (water-level change of zero) for GMD4 and GMDs 2&5 during 1996-2012 using water-level and water-use regression equations in Table 2 . Table 5 . Steps for calculating average annual water-level decline for 21.7% reduction in pumping in GMD1 based on SPI change for this reduction in GMD4 for 1996-2012.
a. SPI change corresponding to 21.7% pumping reduction in GMD4 Insert water-level change of zero for reduced pumping into regression equation in Table 1 Water concentrated in those areas where the pumping occurs (and where most of the water-level measurements are made); use of the area of influence of the pumping wells in the recharge calculation would lead to a substantially larger recharge rate. A similar approach cannot be used to estimate the mean annual recharge in GMDs 2&5 because of the large amount of groundwater discharge to streams in those areas.
Conclusions
The major driver of water-level changes in many heavily stressed aquifers is the amount of water pumped for irrigation. Thus, correlations among climatic indices, changes in water levels, and reported water use can often serve as valuable tools for assessing an aquifer's response to various climatic and development scenarios. Projections of future climatic conditions can be defined in terms of climatic indices; these indices can then be used in a linear regression (climatic index vs annual water-level change) to assess an aquifer's likely response to those conditions. The magnitude of the intercept of the regression can shed light on aquifer sustainability at average climatic conditions under current pumping practices. If water-use (groundwater pumping) data are available for at least a portion of the area or nearby areas, pumping vs annual waterlevel change regressions can be used to develop difficult-to-obtain insights into the impact of pumping reductions on the rate of water-level declines. Even when pumping data are not available, some sense of the magnitude of pumping reductions required to significantly moderate declines can be obtained by recognizing that the aquifer response to a pumping reduction would be similar to the response to a wetter climatic period. This simple approach has great potential for widespread application, especially for aquifers that have been fully developed (little change in area irrigated by groundwater). That potential is demonstrated through an application to a portion (state of Kansas) of the High Plains aquifer (HPA) in the central United States. The high correlation between average annual water-level changes and climatic indices across the HPA in Kansas during the past two decades confirms that pumping is primarily a function of the meteorological conditions (precipitation and potential evapotranspiration) for a given year. A precipitationbased climatic index can explain as much of the variation in water-level changes as more involved indices that incorporate potential evapotranspiration and soil moisture because of current pumping practices (near-continuous pumping during the irrigation season). These correlations indicate that a repeat of the most severe drought over the last century would have an extremely deleterious impact on the Kansas portion of the HPA under current pumping practices, as such a drought would more than double the mean rate of water-level decline. Given the potential for increased drought frequency in the coming decades, the prospects for sustaining the current rates of pumping in this portion of the HPA are not bright. Even under a future characterized by a continuation of average (historic norm) climatic conditions, water levels will continue to decline 0.2-0.6 m annually under current pumping practices. However, a key finding of this assessment is that practically feasible pumping reductions (~20%) would likely stabilize water levels, at least in the short term, over much of the Kansas HPA (Groundwater Management Districts 1, 2, 4, and 5). Although in western Kansas this stabilization may largely be a product of enhanced recharge produced by past inefficient irrigation practices and of delayed drainage from the unsaturated zone produced by water-level declines, and thus only of limited duration, it could help extend the usable lifetime of the resource and serve as a bridge to an economy based on a different mix of agricultural practices.
The correlations used here involve quantities averaged or summed over relatively large geographical areas. Thus, given the strength of these correlations, it is possible that similar correlations involving climatic indices and the large areal averages of water-level change determined from gravity measurements of the GRACE satellite mission (e.g., Strassberg et al. 2007 , Famiglietti et al. 2011 could provide important insights for many heavily stressed regional aquifer systems.
In closing, we must emphasize that the approach outlined here is not envisioned as a replacement for process-based modeling. Rather, it should be viewed as a complementary tool for rapid, first-order assessment of an aquifer's future in the face of continuing anthropogenic and climatic stresses. Such assessments should prove to be of considerable practical value for those responsible for the management of declining groundwater resources.
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